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A B S T R A C T
Background: Traumatic brain injury (TBI) includes primary and secondary injuries, while monitoring in-
tracranial pressure (ICP) and cerebral blood flow (CBF) is conducive to improve the prognosis of patients.
However, the function of cerebral venous in this process is still unclear.
New method: An acute epidural hematoma (AEDH) model was developed by placing a controllable micro balloon
in the right epidural space of a rat. The laser speckle contrast imaging (LSCI) system was used to observe CBF in
real time, while ICP was monitored simultaneously. And the stability of this model was examined by magnetic
resonance imaging (MRI).
Results: The blood perfusion rate (BPR) of venous was significantly negatively correlated with ICP. In the 100 μ L
group, the ipsilateral cerebral venous and microcirculation blood flow significantly decreased. According to the
gross observations and pathological results, ischemic brain injury was the most serious on this condition.
Comparison with existing method(s): Modeling method is relatively simple, which effectively reduces the cost. The
volume of the micro balloon is adjusted to simulate the volume of different size of hematomas. In addition, LSCI,
as an advanced blood flow monitoring technology, has high sensitivity to detect subtle changes in CBF.
Conclusion: This study successfully developed a stable and reproducible AEDH rat model. Based on this model, it
is preliminarily demonstrated that local intracranial hypertension can cause cerebral venous return restriction,
which is an indispensable factor leading to the aggravation of secondary brain injury.
1. Introduction
Traumatic brain injury (TBI) is currently one of the most serious
public-health problems, accounting for 30% of the total mortality as-
sociated with trauma, with an annual global incidence rate of 319/
100,000 (Nguyen et al., 2016; Carney et al., 2017). TBI includes pri-
mary injuries directly caused by mechanical stress and shear forces, as
well as secondary injuries such as post-traumatic hematoma, cerebral
edema, and brain swelling. Considering the direct medical costs of
treatment and rehabilitation, as well as the intangible costs of patient
disability and labor loss, the impact of TBI on society is substantial
(Radford et al., 2018).
To standardize the clinical management of patients with TBI, the
Guidelines for the Management of Severe Traumatic Brain Injury pro-
posed relevant indicators for intracranial pressure (ICP) monitoring to
improve patient survival and prognoses (Bratton et al., 2007). The
cerebral perfusion pressure (CPP) was calculated by ICP to evaluate the
progress of intracranial injury of patients and to guide further treatment
(Lang et al., 2016). However, this calculation (CPP= ICP – mean ar-
terial pressure) only focuses on the effects of cerebral arterial blood
flow, ignoring the role of cerebral venous factors in disease progression.
Sundaram et al. found that TBI caused venous sinus thrombosis or sinus
stenosis in patients with intracranial hypertension, and also induced
bilateral optic-nerve head edema and visual impairment (Sundaram and
Jain, 2019). In patients with TBI, the restricted cerebral venous return
may affect secondary injury and cause disease progression. Therefore,
factors affecting the cerebral veins need to be considered in the study of
the mechanisms of secondary injury progression in TBI.
At present, researchers have successfully established a variety of
epidural-hematoma models (Kasapas et al., 2014; Cheng et al., 2017;
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Wang et al., 2018). However, there were some defects in these models,
such as a high cost, inaccurate control, and difficult operation. In this
present study, we established a controllable AEDH model in rat, and
adopted the advanced technologies to achieve real-time accurate
monitoring of cerebral blood flow (CBF) and ICP, in order to explore
wide-area cerebral venous hemodynamic changes under local in-
tracranial hypertension.
2. Materials and methods
2.1. Animal preparation and grouping
This experiment was approved by the 900th Hospital Ethics
Committee (Fuzhou, China) and all operations were carried out in ac-
cordance with the guidelines for the care and use of laboratory animals.
Male Sprague-Dawley rats (280–300 g, 6–7 weeks) were used in this
study at the Animal Experimental Center of Fujian Medical University
(Fuzhou, China). The rats were placed in a standard environment of
26–28 °C with a light–dark cycle of 10 h light/14 h dark, and were given
sufficient food and water. A total of 40 rats were randomly divided into
four groups, with 10 rats per group, as follows: sham, 25 μ L group,
50 μ L group, and 100 μ L group. Six rats in each group were monitored
for CBF, and four rats were subjected to magnetic resonance imaging
(MRI) scanning. One rat died in the 100 μ L group during the experi-
ment and was supplemented with another rat.
2.2. Establishment of an acute epidural-hematoma model
The rats were given no food or water for 6 h before surgery. An
small-animal anesthetic machine (RWD Life Science Co., Shenzhen,
China) was used to induce anesthesia in rats by isoflurane at a con-
centration of 4% and a speed of 0.5 L/min. After the anesthesia was
successful, rats were fixed in the prone position on a stereo positioner,
and the isoflurane concentration was adjusted to 1.5–2.0% to maintain
anesthesia. A body temperature maintenance instrument was used to
maintain body temperature at 37.0 ± 0.2 °C. The epidermis and fascia
in the middle of the head were cut after the top hair of the rat was
shaved, followed by stripping the periosteum and exposing the top skull
(Fig. 1A). In order to keep the imaging quality of the laser speckle
contrast imaging (LSCI) undisturbed, the skull was polished using a
high-speed dental drill (between the coronal and the herringbone) until
the cortical blood vessels were clearly visible. Two cranial holes were
drilled at approximately 3mm on the both anterior-lateral sides of the
coronal suture respectively. The ICP monitor probe was placed on the
left cranial hole and was connected to the ICP monitor (Johnson &
Johnson inc., New Brunswick, USA). The microballoon was placed on
the right cranial hole with an external microinjection pump (RWD Life
Science Co., Shenzhen, Chin; Fig. 1B). Then both cranial holes were
closed with bone wax. During the grinding process, normal saline was
used to prevent thermal damage. After the CBF was stabilized, normal
saline was injected into the microballoon at a speed of 10 μ L/min. The
micro ballons in sham group were not injected with water
2.3. Dynamic and wide-area monitoring of CBF changes in LSCI systems
Hemodynamic changes were monitored using the LSCI system
(Wuhan SIM Opto-technology Co., Wuhan, China). The system con-
sisted of an Olympus ZS61 microscope, a continuous wavelength
(λ=785 nm) laser source, a camera, and a computer. The image ex-
posure time of T=10ms was used to achieve continuous dynamic
monitoring of CBF.
2.4. MRI verification of model stability
Four groups of rats were imaged using the T2WI sequence of the
small-animal MRI (7.0 T; Bruker Co., Germany) after micro balloon in-
jection. After successful anesthesia, rats were fixed in the prone position
on a scanning bed, and a localization scan was performed to calibrate
the brain position. Parameters were set as follows: TR=3000ms;
TE=33m s; NEX=4; slices=28; matrix size=256×256mm2; slice
thickness=0.8mm; FOV=30×30mm2; and scan time=6min and
24 s. Each rat was sacrificed by intraperitoneal injection of 1% sodium
pentobarbital after MRI monitoring.
Fig. 1. Diagrams of the animal-model setup.
(A) The top skull was fully exposed. a: bregma;
b: lambda. (B) The skull was grinded. The ICP
monitor probe was placed on the left cranial
hole and was connected to the ICP monitor.
The micro balloon was placed on the right
cranial hole to connect the microinjection
pump. c: left cranial hole; d: right cranial hole;
e: SSS; round rectangle: LSCI observation area.
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2.5. Gross observation of brain tissue and hematoxylin and eosin (HE)
staining
Upon completion of blood-flow monitoring, the rat was sacrificed by
intraperitoneal injection of 1% sodium pentobarbital and the brain was
carefully dissected. The brain tissue was immersed in a petri dish
containing normal saline to prevent evaporation of the brain surface,
residual blood on the brain surface was washed, observed and photo-
graphed immediately, and then the brain tissue was placed in a 10%
formalin solution for fixation. Image J 1.44 (National Institutes of
Health, Bethesda, MD, USA) was used to calculate the surface hema-
toma area of brain in gross-observation photographs. The coronal sur-
face was cut to contain the compressed area. The brain tissue was
embedded in paraffin. Paraffin sections with a thickness of 4 μm were
prepared, stained with HE, and observed under an optical microscope
and photographed.
2.6. Data processing and statistical methods
The selection of the region of interest (ROI) and the measurement of
the vessel diameter in the LSCI was performed by tools provided by the
software, and the values obtained were the average blood-flow values
in the region. As shown in Fig. 2B, seven ROIs were selected. And the
CBF of each ROI during the observation period of 70min was recorded.
In order to avoid the influence of CBF fluctuation, the CBF value at
30min after AEDH was selected for subsequent calculations. During the
observation process, the diameter of the superior sagittal sinus (SSS)
changed greatly. This factor needed to be considered when calculating
the blood flow in the SSS. Therefore, the blood perfusion rate (BPR) was
introduced, and its formula was as follows (Friesenecker et al., 2006):
= × ×DBPR V
4
2
V: blood-flow velocity; D: vessel diameter.
In order to minimize systematic errors (such as rat breathing, body
temperature, congenital vascular malformations, batches), each group
of data was normalized. All data were expressed as mean ± standard
Fig. 2. ROI selection. (A) White-light map of
the observation area. (B) LSCI blood-flow map
of the observation area. The midpoint of the
line connecting the bregma and lambda was
defined as the origin, and blood-flow observa-
tion area was divided into four parts. And
seven ROIs was selected in the area. ROI po-
sition: a: SSS; b: ipsilateral cerebral surface
vein; c: contralateral cerebral surface vein; d:
microcirculation near the compression on the
ipsilateral side; e: microcirculation away the
compression on the ipsilateral side; f: micro-
circulation away the compression on the con-
tralateral side; g: microcirculation near the
compression on the contralateral side. The
color bar indicates that the blood flow value
increased from smaller to larger values. Scale
bar= 2mm.
Fig. 3. MRI coronal scans after injection of microballoons in each group of rats. (A) sham group; (B) 25 μ L group; (C) 50 μ L group; (D) 100 μ L group. The white
arrows indicate the micro balloons. Scale bar= 3mm.
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error of the mean (SEM), and the data were processed and analyzed
using SPSS 19.0(SPSS, Inc., Chicago, USA). Intergroup differences were
analyzed using Student's t-test. Multiple comparisons among various
groups were conducted by one-way analysis of variance with a post-hoc
Tukey test. Spearson correlation analysis was used to analyze the cor-
relation between BPR and ICP. Differences with a P < 0.05 were
considered statistically significant.
3. Results
3.1. MRI analysis
In order to verify the stability and reliability of the model, small-
animal MRI was performed in each group after AEDH. In the sham
group, the unfilled micro balloons were observed in the right-frontal
epidural space, the brain tissue was not deformed under pressure, the
midline of the brain was in the middle, the bilateral hemispheres were
symmetrical, and the gray matter was normal (Fig. 3A). The micro
balloons after injection showed an elliptical high-signal shadow, which
pressed against the right frontal lobe with clear boundaries, and there
was no obvious abnormal signal in the surrounding brain tissue. As the
volume of the micro balloons increased, the degree of deformation of
the right frontal lobe and the degree of left-lateral deviation of the brain
line gradually increased (Fig. 3B–D). It could be seen that a model of
AEDH in rat had been successfully established in the present study.
3.2. Relative changes of CBF under different micro balloons
The LSCI system was used to perform real-time and wide-area ob-
servation of CBF, and the ICP value was recorded simultaneously. The
results showed that, as the micro balloon volume increased, the blood
flow and diameter of the SSS decreased (Fig. 4). Spearson correlation
analysis of BPR and SSS showed a significantly negative correlation
between BPR and ICP (r=−0.818, p < 0.001; Fig. 5A). In addition,
the ipsilateral cerebral venous blood flow was significantly decreased in
the 100 μ L group, the differences were statistically significant when
compared with other groups (100.00 ± 4.41% in the sham group,
103.09 ± 5.90% in the 25 μ L group, 94.29 ± 4.75% in the 50 μ L
group, 68.70 ± 4.71% in the 100 μ L group, P < 0.05; Fig. 5B). To
further clarify this phenomenon, we compared the relative changes in
microcirculatory blood flow before and after the AEDH under different
micro balloons (Fig. 5C). The results suggested that the changes of
microcirculation at point d were similar to those of the ipsilateral cer-
ebral surface vein. The 100 μ L group was significantly higher than the
Fig. 4. LSCI blood-flow maps of microballoons under different sizes. (A–D) Pre-injection cerebral blood-flow maps. (A) sham group; (B) 25 μ L group; (C) 50 μ L group
and (D) 100 μ L group. (E–H) Post-injection cerebral blood-flow maps. (E) sham group; (F) 25 μ L group; (G) 50 μ L group and (H) 100 μ L group. Direct observation
showed that the 100 μ L group had obvious displacement and deformation of the ipsilateral cerebral surface blood vessels, and the blood flow in the ipsilateral side
and SSS was reduced. The color bar indicates that the blood flow value increased from smaller to larger values. Scale bar= 2mm.
Fig. 5. Comparison of relative changes in CBF under different volumes of micro
balloons. (A) A scatter plot of the Spearson correlation analysis of BPR and ICP
line in SSS. (B) Qualification of ipsilateral relative cerebral surface venous
blood flow at 30min postoperation. (C) Qualification of postoperative relative
microcirculatory blood flow at points d, e, and g. Data are expressed as
mean ± SEM. CAP1: relative microcirculation blood flow at point d; CAP2:
relative microcirculation blood flow at point e; CAP3: relative microcirculation
blood flow at point g. ＊P < 0.05 vs. sham, 25 μ L and 50 μ L group in B.
＊P < 0.05 vs. sham and 25 μ L group in C.
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sham group and the 25 μ L group, and the difference was statistically
significant (100.00 ± 4.31% in the sham group, 102.49 ± 4.73% in
the 25 μ L group, 73.23 ± 5.62% in the 50 μ L group, 67.53 ± 4.66%
in the 100 μ L group, P < 0.05). The microcirculatory blood flow at
points g and e only slightly decreased; there was no statistical difference
compared with that of the sham group (P > 0.05; Fig. 5C). These data
indicated that serious local mass effect was able to lead to ischemia and
blood return disorders.
3.3. The trend of CBF on the brain surface with intracranial hypertension
The 100 μ L group was selected to analyze the trend of CBF over
time. The data showed that the venous blood flow on the brain surface
decreased significantly during the micro balloon injection, reached the
lowest value after the injection, and then slowly rose back by 30min
after the end of the injection. There were statistically significant dif-
ferences between the CBF in preinjection and other observed time
series. (P < 0.01; Fig. 6).
3.4. Gross observations of rat brains
In the sham group, no obvious abnormalities were found on the
surface of the brain tissue (Fig. 7A). The degree of surface hematoma
area of brain was relatively mild in the 25 μ L group (0.26 ± 0.04mm2;
Fig. 7B). The hematoma was significantly enlarged in the 50 μ L group
(1.91 ± 0.12mm2; Fig. 7C). The hematoma in the 100 μ L group was
further enlarged (4.41 ± 0.11mm2; Fig. 7D), the difference was sta-
tistically significant when compared with the 25 μ L group and the
50 μ L group (P < 0.001; Fig. 7E). The surface veins of the brain were
obviously dilated in the 100 μ L group (Fig. 7D); this may be related to
severe restriction of the venous return.
3.5. HE staining
In order to further clarify the acute pathological changes of brain
parenchyma around the compression point, HE staining was performed
after the CBF observation ended. In the 25 μ L group, mild changes in
cell structure with the extracellular spaces enlarged were found. And
the cell arrangement is generally normal. (Fig. 8B and F). In the 50 μ L
group, the nuclear pyknosis, cell arrangement relatively disordered and
edematous changes were visible (Fig. 8C and G). In the 100 μ L group,
intracranial hematomas were observed under the compression site. The
nucleus deviated with severe deformation and basophilic enhancement
was surrounded by the significantly enhanced eosinophilic cytoplasm.
The intercellular and the perivascular space was enlarged and the in-
travascular thrombosis was visible (Fig. 8D and H). These results
Fig. 6. CBF in intracranial hypertension. (A–G) LSCI maps show the ipsilateral cerebral surface venous blood flow decreased with the prolongation of time. (H)
Qualification of ipsilateral relative cerebral surface venous blood flow. The color bar indicates that the blood flow value increased from smaller to larger values. Scale
bar: 2mm. Data are expressed as mean ± SEM. ＊P < 0.01 vs −10min in G.
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further demonstrated that the aggravation of ischemic brain injury was
related to the increase of the volume of micro balloon.
4. Discussion
It has been reported that monitoring of ICP and CBF in the clinical
management of patients with TBI can help reduce patient mortality and
improve outcomes (Akbik et al., 2016; Myers et al., 2016; Shen et al.,
2016). However, current technical methods still have certain difficulties
in the direct continuous monitoring of CBF. Therefore, the CPP is
calculated from the difference between mean arterial pressure and ICP,
which indirectly reflects the intracranial blood supply. However, this
method has certain drawbacks, such as the influence and effect of
cerebral venous hemodynamics on secondary brain injury outcome/
progression being neglected. Monroe-Kellie's theory states that ICP is
regulated by brain tissue, cerebrospinal fluid, and intracranial blood,
the balance of blood flux in and out of the brain is essential for main-
taining ICP (Unnerback et al., 2018). In our study, data showed a sig-
nificant negative correlation between cerebral venous BPR and ICP.
Therefore, it can be seen that cerebral venous also plays an important
role in the intracranial hemodynamic regulatory system, and which
appears to influence perfusion of the brain parenchyma.
In this study, local mass effect of the micro balloon can affect cer-
ebral venous blood flow and aggravate local brain injury. On the one
hand, venous deformation and venous thrombosis lead to venous hy-
pertension. Sacchetti et al. found that local mass effect and intracranial
hypertension can result in venous deformation, which severely damage
vascular endothelial cells, making those tend to induce venous throm-
bosis. These factors jointly lead to the production of venous hyperten-
sion, which seriously hindered the blood return (Sacchetti et al., 2017).
On the other hand, restriction of venous return can cause the decrease
of perfusion pressure and the increase of intravascular pressure of up-
stream capillaries, thereby causing local ischemia and hypoxia brain
injury and rising effective filtration pressure aggravate cerebral edema.
Moreover, the resulting brain edema may further aggravate venous
return disorder and intracranial hypertension, and leading to a vicious
cycle eventually (Sagoo et al., 2017). Similarly, Schuchardt et al. found
that venous hypertension induces capillary hydrostatic pressure over
CPP, leading to the interstitial edema and the decreased CBF, and even
cerebral infarction (Schuchardt et al., 2017). Sundaram et al. performed
combined ventriculoperitoneal shunting and cerebral venous decom-
pression for patients with SSS compression and thrombosis after cra-
niocerebral trauma, and visual acuity improved after surgery
(Sundaram and Jain, 2019). Our previous study found that—under the
premise of SSS occlusion—an elevated ICP gradient could aggravate
rabbit brain edema and cerebral infarction and induce the formation of
a hypercoagulable state, and early removal of intracranial hypertension
can alleviate these brain injuries (Wang et al., 2018). These findings
further clarify the important role of venous return under intracranial
hypertension.
In order to further explore the relationship between cerebral venous
blood flow and ICP, the present study further improved the modeling
method and monitoring methods based on previous studies and suc-
cessfully established a model of AEDH in rats (Kasapas et al., 2014;
Cheng et al., 2017; Wang et al., 2018). The micro balloons used in the
present study were 25 μ L, 50 μ L, and 100 μ L, which are equivalent to
20mL, 40mL, and 80mL of human intracranial hematoma, respectively
(Nath et al., 1986). Different volumes of micro balloons can mimic
different sizes of epidural hematomas in the human body, which cause a
gradient increase in the ICP. In addition, the LSCI system was used to
monitor CBF, which has high temporal and spatial resolution and wide-
area fast imaging. The LSCI system also has high sensitivity to detect
subtle changes in blood flow on the brain surface and has been widely
used in basic researches related to CBF (Dunn, 2012; He et al., 2017).
Therefore, cerebral hemodynamics under different ICP can be accu-
rately observed and analyzed in the present study.
The results of the present study showed that the changes of micro-
circulation were similar to the cerebral surface veins, but that only
occurred around the compression of the micro balloons. Hillered et al.
indicated that local cerebral perfusion insufficiency was associated with
early death of TBI patients (Hillered et al., 2005). The AEDH model
established in the present study did not involve brain contusion and
laceration, but local CBF decrease and ischemic brain injury around the
compression site did occur. This further demonstrates that the local
mass effect and the resulting cerebral venous and microcirculatory
disorders may be associated with the progression of secondary brain
Fig. 7. Gross view of brain tissue under different volumes of microballoons.
(A–D) the right side of the rat brains. (A) sham group; (B) 25 μ L group; (C)
50 μ L group; (D) 100 μ L group. The white arrows indicate the surface cerebral
hematomas; the black arrow indicates the cerebral surface veins. (E)
Quantitative results of surface cerebral hematoma area. Scar bar= 2mm. Data
are expressed as mean ± SEM. ＊P < 0.001 vs 25 μ L group in E.
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injury. However, after hours or days of TBI, an ischemic penumbra si-
milar to cerebral infarction possibly appeared in the traumatic lesion;
this area is called the traumatic penumbra, which shows a decrease in
blood perfusion (da Silva Meirelles et al., 2017). Recovery may be
possible, but the relevant pathophysiological mechanisms are still un-
clear. Therefore, further researches are needed to determine the value
of cerebral venous blood flow as an objective prognostic indicator for
TBI patients.
5. Conclusions
In this study, we successfully established a stable and reproducible
model for controllable AEDH in rats by placing a microballoon in the
right epidural space. Based on this model, changes of cerebral venous
blood flow under intracranial hypertension and the role of cerebral
venous hemodynamics in the progression of secondary brain injury
were preliminarily described. After AEDH, local intracranial hy-
pertension can cause cerebral venous return restriction, which is an
indispensable factor leading to the aggravation of secondary brain in-
jury. However, further studies are needed to provide theoretical basis
for monitoring cerebral venous hemodynamics in clinical management
of TBI patients.
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